Figure 1. Magnetic attraction is an almost certain indication of HPHT synthetic diamond. In this photo, a blue 0.22 ct HPHT synthetic diamond is being picked up by a
diamonds normally show no magnetic attraction, any positive response is generally considered an indicator of synthetic origin.
This distinction is critical for determining value, as a synthetic diamond sells for considerably less than a natural stone of similar quality. Melee-size goods (under 0.20 ct) are of particular concern, as these generally go untested and their origins may be unknown to the appraiser, gem dealer, or buyer. A study by Kitawaki et al. (2008) identified nearly 10% of the loose yellow melee-size diamonds tested as HPHT-grown synthetics. In that same study, tests on fine jewelry containing yellow melee diamonds showed that half of the pieces each contained an average of 10% HPHT-grown samples.
Laser inscriptions used by most manufacturers to brand their products are seldom applied to melee-size goods. In the current study, loose melee comprised half of the HPHT synthetic diamonds tested, and half of these small samples could be detected with a magnet. Techniques developed during this study provide a means to test individual diamonds mounted in jewelry for synthetic origin, including melee-size goods.
BACKGROUND
Test samples were obtained from all major manufacturers of gem-quality synthetic diamonds, as well as two manufacturers of industrial-grade synthetics (DeBeers and Sumitomo). Table 1 shows how HPHTgrown samples responded to a handheld magnet. Direct responses are further classified as either "Pickup" or "Drag" responses. Fewer than half of the samples showed this type of obvious response. Weaker responses, made visible by floating the individual sample on a small raft in water, are noted as Strong, Weak, or Diamagnetic (repelled) .
Relative to the total mining output of gem-quality diamonds each year, synthetic diamond production is still quite small, but their presence in the jewelry trade is growing. Until recently, most gem-quality synthetics were grown using the HPHT process, which has a production time of several days and involves ferromagnetic flux metals such as iron, nickel, and (to a lesser extent) cobalt. Yellow is the most common bodycolor encountered in HPHT-grown synthetic diamonds.
Newer to the trade are synthetic diamonds grown by chemical vapor deposition (CVD) without flux metals or high pressure. This process generally takes longer than HPHT growth, and most CVD synthetics are currently limited to sizes less than 1 ct. At the present time, CVD products are generally colorless, although pink and a number of other colors can be induced after CVD growth by processes such as HPHT treatment, low-temperature annealing, and irradiation (Kitawaki et al., 2010) . Methods of synthesis continue to evolve, and some industry observers estimate that the annual production of gem-quality CVD-grown synthetic diamonds now significantly exceeds that of HPHT-grown material (A. Grizenko and S. Pope, pers. comm., 2012) .
Published reports that mention magnetic testing of synthetic diamonds often do not specify the type, size, or strength of the magnets used, or the rate of detection achieved. Traditional magnets such as ferrite refrigerator magnets (containing iron oxides) and alnico (aluminum-nickel-cobalt) horseshoe magnets have been employed by gemological researchers, as well as Dr. William Hanneman's neodymium magnetic wand. The Hanneman wand, introduced as a synthetic diamond tester in 1995, contains a 5 mm diameter neodymium-iron-boron magnet of unspecified grade.
The effect of magnet strength on the rate of detection has not been investigated until now, nor has there been an attempt to standardize testing procedures to the strongest permanent magnet available today, the N52-grade neodymium magnet. This study compares alnico, ferrite, and neodymium magnets as testing tools (figure 2), and looks at the rele- (Rossman and Kirschvink, 1984; Yelisseyev et al., 2008) .
The most common magnetic mineral found in natural diamond is pyrrhotite, a ferromagnetic iron sulfide mineral that, like all natural diamond inclusions, generally measures less than 0.5 mm (Clement et al., 2008) . Pyrrhotite inclusions are dark, opaque particles that can be mistaken for "carbon spots." Another relatively common magnetic inclusion in natural diamond is chrome pyrope garnet, a paramagnetic gem mineral that may appear as red transparent crystal inclusions.
Other magnetic inclusions such as chromite and hematite (both antiferromagnetic) and native iron (ferromagnetic) are only rarely encountered in diamond (Boyd and Meyer, 1979) . It would be difficult to find a natural diamond with magnetic mineral inclusions of any kind large enough to be detected with a handheld magnet (Koivula, 2000, p. 134 ). Prior to this study, no such cases had been reported.
Aside from magnetic mineral inclusions, natural diamonds are subject to surface contamination from tiny amounts of iron deposited by a metal dop stick
In Brief
• Simple testing methods using N52-grade neodymium magnets detect a significant percentage of HPHT synthetic diamonds. The detection rate with traditional magnets is substantially lower.
• CVD-grown synthetic diamonds contain no detectable metallic impurities and cannot be separated from natural diamonds using magnetic testing.
• This study documents the first case of a natural faceted diamond attracted to a handheld magnet due to natural mineral inclusions.
• Small diamonds mounted in jewelry, including meleesize gems, can be individually tested for synthetic origin using a small 1 /16 in. diameter N52 magnet in conjunction with flotation.
Magnetic:
In the context of this paper, referring to any material that displays visible attraction to a handheld magnet. 2. Diamagnetic: Having a temporary low magnetization that is opposed to the inducing field of a magnet and is consequently repelled by it. Using a strong neodymium magnet, we can clearly demonstrate this phenomenon by placing a diamagnetic material such as natural diamond on a raft floating in water. The raft moves away from the magnet. 3. Paramagnetic: Having a temporary magnetization that is induced when an external magnet is applied. Paramagnetic materials have a weaker magnetic response than ferromagnetic materials, and they cannot be permanently magnetized. Many colored gemstone materials (such as garnet) are paramagnetic, showing visible attraction to an N52-grade neodymium magnet.
Ferromagnetic:
Referring to an element such as iron, nickel, and cobalt that retains permanent magnetization in the absence of an applied field.
Such materials are picked up by a magnet, and their magnetic attraction is up to a million times stronger than that of paramagnetic materials. 5. Ferrimagnetic: Referring to a strong, permanent magnetization that occurs in materials where the magnetic fields associated with individual atoms align themselves-some in parallel (as with ferromagnetism) and others in opposite directions. Magnetite is a ferrimagnetic mineral. 6. Antiferromagnetic: A type of ordered magnetism that occurs in a material when electron spins are alternately opposed, resulting in almost no external magnetization. Like ferromagnetic and ferrimagnetic substances, antiferromagnetic materials exhibit strong, direct responses to a magnet. 7. Magnetic Susceptibility: The ratio of a material's induced magnetization to the applied field of a magnet, this represents how strongly or weakly a material responds to a magnetic field. The degree of magnetic susceptibility can be measured precisely with instruments such as a magnetometer or magnetic susceptibility balance (Hoover, 2007) .
BOX A: TERMINOLOGY OF MAGNETISM
or polishing wheel during the faceting process. Shen and Shigley (2004) documented a diamond that showed a visible magnetic response due to iron residue deposited inside cavities at the girdle and pavilion facets during polishing. One magnetic natural diamond in the current study was found to contain similar surface inclusions, which appeared to result from contamination during polishing. Nevertheless, these metallic impurities in natural diamond are typically insignificant compared to those found in synthetic diamond, and normally they are not detectable with a magnet (Barnard, 2000, p. 94) . The same applies to surface contamination of bruted (unpolished) girdles, where routine handling with tweezers can leave minute amounts of iron residue. No such contamination of bruted girdles was detected with a magnet during this study.
MATERIALS AND METHODS
Natural Diamonds. A total of 168 natural diamonds were tested as a control group, all ungraded as to type or clarity. The majority were colorless transparent rounds, but a few yellow and brown diamonds and an irradiated blue were among the test samples. All specimens, whether loose or mounted, were floated on a small raft in water to maximize the sensitivity of the magnetic tests.
GIA provided 50 untreated colorless natural diamonds ranging from 0.34 to 0.90 ct (figure 3, left).
Most were eye-clean, while some had bruted girdles and one contained numerous black inclusions. GIA also supplied two gray/black carbonado rough diamonds from Sierra Leone (see box B).
Suncrest Diamonds provided 58 faceted HPHTtreated natural diamonds. They ranged from 0.05 to 0.70 ct and included colorless, yellow, pink, and green specimens (figure 3, right). Some of these samples may have been subjected to additional treatment by irradiation. Unlike the HPHT growth process, HPHT treatment of diamonds to enhance or alter color and improve clarity does not involve flux metals. Magnetic flux inclusions are not found in HPHTtreated diamonds.
A private collection of 48 natural diamonds mounted in vintage gold jewelry was also tested. This collection was assembled more than 30 years ago, prior to the use of synthetic diamonds in jewelry. These samples ranged from approximately 0.01 to 2 ct. Two contained microscopic red and orange-red crystal inclusions, possibly garnet. The vintage mounted diamonds and other natural diamond samples not provided by GIA or Suncrest were subjected to thermal conductivity testing, UV testing, and highpower magnification to verify their identity as natural diamonds rather than simulants or synthetics.
After a selective online search, two natural diamonds with exceptionally large opaque inclusions were acquired for this study. Theoretically, if para-The color of most natural black diamonds found in jewelry results from treatments such as irradiation, heat, or HPHT treatment. Naturally colored black diamond known as carbonado is mined in central Africa and Brazil for industrial purposes, but it is also occasionally faceted for jewelry use. These translucent to opaque gems are generally considered diamagnetic, as the black coloration is due primarily to numerous carbon inclusions in the form of graphite. Rough carbonado specimens tested in this study were not attracted to a magnet ( figure B-1) .
The only type of naturally colored black diamond that characteristically exhibits magnetic attraction is stewartite, a strictly industrial-grade bort from South Africa. This opaque polycrystalline diamond derives its strong magnetic properties from ferrimagnetic inclusions of magnetite (Bibby, 1982) . magnetic inclusions of garnet or ferromagnetic inclusions of pyrrhotite were large enough (over 0.5 mm) and concentrated close enough to the surface of a natural diamond, such a diamond could show visible attraction to an N52-grade neodymium magnet if the sensitive flotation method were applied. Both diamonds contained inclusions larger than 0.5 mm, and both exhibited magnetic attraction.
BOX B: NATURAL BLACK DIAMOND
Synthetic Diamonds. A total of 85 HPHT-grown synthetic diamonds were examined, ranging from 0.02 to 3.81 ct. Faceted gems represented 51% of the sample set (figure 4), while the remainder were rough, partially faceted, or tabular in form. A few HPHT synthetic samples were completely colorless, but most showed various intensities of yellow, blue, pink, or red color.
Of the 85 HPHT-grown synthetics, 41 with unspecified acquisition dates were provided by the GIA Museum, 43 were recently supplied by the manufacturer, and one was recently made available by the Morion Company. Of the 41 GIA samples, 27 were from unidentified manufacturers and the remaining 14 were acquired from Sumitomo Electric (Japan), Tairus Created Gems (Russia), Golden Triangle (Russia), and De Beers (South Africa). The sources for the 43 HPHT diamonds recently loaned by the manufacturer were New Age Diamonds (Russia), AOTC Group B.V. (Netherlands), Chatham Created Gemstones (United States), and Gemesis Diamond Company (United States).
An additional 19 CVD-grown synthetic diamonds were tested. Scio Diamond Technology provided 14 colorless CVD-grown samples in the form of unpolished transparent wafers and blocks ranging from 0.25 to 0.57 ct, with 1-2 mm thicknesses. Gemesis Corp. provided five colorless faceted CVD synthetics in various shapes ranging from 0.27 to 0.30 ct.
Magnets.
To determine whether magnet strength is a significant factor in detecting ferromagnetic inclusions in synthetic diamonds, HPHT synthetics were tested using five magnets of different strength. (Because they lack flux inclusions, the CVD samples were tested only with the two strongest magnets). The most powerful magnet, a ½ in. neodymium cylinder with a pull force of 18 pounds, was estimated to be more than 30 times stronger than the weakest magnet, a ½ in. ferrite disc. The five magnets are presented here in the order of weakest to strongest relative to pole surface area: Although the grade of the Hanneman wand was unknown, it exhibited a weaker pull force than an N42-grade neodymium magnet of the same dimensions. Other than the horseshoe magnet, the magnets were assembled as wands by attaching a handle.
Testing Methods. Three methods of magnetic testing were employed: the direct method, the flotation or floating method (Gumpesberger, 2006 ; see also www.gemstonemagnetism.com), and pinpoint testing. First, the magnet was placed directly against the surface of a sample to see if it would be picked up or dragged along a smooth dry surface. If no response was noted, the flotation method was employed. This test involved placing the sample on a foam raft floating in water, thereby reducing friction and greatly enhancing the sensitivity of the magnetic test. While the observer held the exposed pole end of the magnet near the surface of the sample, movement of the raft toward the magnet was noted as either weak or strong. Movement away from the magnet was noted as diamagnetic. Whenever a diamagnetic response was noted, the sample was subjected to the pinpoint method.
Flotation tests using a ½ in. diameter neo dymium magnetic wand showed that the carbon body of a synthetic diamond could induce a diamagnetic (repelling) response that essentially masked localized ferromagnetism of small flux inclusions. Overcoming this problem required a wand that could be directed at specific areas of a sample where small inclusions were located. A 1 ⁄ 16 in. (1.5 mm) diameter neodymium magnet, the smallest diameter N52-grade magnet available today, was found suitable for that purpose. A pinpoint wand fashioned with this small magnet and used in conjunction with the flotation method proved effective in detecting small magnetic inclusions in HPHT synthetic diamonds that were not detectable by magnets with larger pole surfaces (see figure 5, left) . Responses elicited by this method were at times extremely weak.
This study identified another important use for the pinpoint method. A pinpoint wand was effective in individually testing small diamonds (including melee size) mounted in jewelry for magnetic response. Jewelry pieces containing multiple diamonds were floated on a raft, and a pinpoint wand was directed at individual gems ( figure 5, right) . Fine jewelry castings of highpurity gold or silver are diamagnetic and therefore do not interfere with pinpoint testing. Because platinum is a paramagnetic metal, gems mounted in platinum castings are not suitable for magnetic testing. posited on the surfaces of these diamonds due to frequent handling with tweezers was not detected either. The two heavily included translucent natural diamonds containing exceptionally large opaque inclusions (over 0.5 mm) were strongly magnetic. These inclusions were visible with the unaided eye and showed magnetic attraction to a pinpoint wand. Diamonds such as these, with large inclusions and low clarity, are not typically found in jewelry.
RESULTS AND DISCUSSION
One of these magnetic natural diamonds was a translucent brownish red 0.37 ct round with numerous gray-black inclusions visible at the surface but not in the interior (figure 6, left). Several of these inclusions were situated in and around relatively large cavities on the table and pavilion surfaces. The largest one, centrally located on the table facet, measured 0.65 mm. When a ½ in. N52-grade magnet was applied, it dragged this diamond across a smooth, dry surface. A pinpoint wand revealed that only the inclusions were responsible for the magnetism. Alnico and ferrite magnets were not strong enough to elicit a direct response from this diamond. Although the composition of the magnetic inclusions is unknown, their appearance is consistent with that of iron residue from the polishing process, as described in the previously cited report on a natural transparent pink diamond picked up by a magnet (Shen and Shigley, 2004) .
The other magnetic natural diamond was a brownish yellow 0.61 ct round containing several large black inclusions (figure 6, right). The largest of them, 1.7 mm across and situated near the girdle, extended well into the interior of the diamond. Another large inclusion located just below the table did not extend to the surface. High-power magnification showed that some of the inclusions were fibrous, while most appeared in velvety black clumps. This diamond did not respond to the direct method of magnetic testing, but the flotation method revealed a strong overall magnetic response. The largest inclusions were tested individually using an N52 pinpoint wand, and each showed a strong response. The composition of these inclusions has not been analyzed, but we can expect that sulfides are involved, with pyrrhotite as the likely magnetic component. This is the first reported case of a facetable natural diamond attracted to a magnet due to natural mineral inclusions. Synthetic Diamonds. Like the transparent natural diamonds tested in this study, the 19 CVD-grown synthetic diamonds from Gemesis and Scio Diamond Technology showed no magnetic attraction. Black opaque inclusions were visible on the surface of several rough samples from Scio, but they were most likely composed of polycrystalline carbon, a diamagnetic material (A. Genis, pers. comm., 2012) . No detectable metallic inclusions were present. These results indicate that magnetic testing cannot be used to distinguish CVD-grown synthetic diamonds from natural diamonds.
All the HPHT-grown synthetic samples in this study contained inclusions, but many were not detectably magnetic. HPHT synthetics that showed no magnetic attraction often contained clouds of pinpoint inclusions that were colorless, transparent, and visible only with high-power magnification. Yet some opaque inclusions in the HPHT-grown samples were not detectably magnetic either. The composition of these inclusions might involve materials such as silicon carbide and amorphous graphite, two opaque diamagnetic materials known to occur in HPHT products (Yin et al., 2000) . Most HPHT synthetic diamond samples that could be picked up or dragged by a magnet contained opaque magnetic inclusions large enough to be visible with the unaided eye or a 10× loupe. These inclusions appeared brown or black in transmitted light (as shown in figure 7, left) . Reflected light would at times reveal a silver sheen indicative of synthetic metallic flux, but this sheen was not always apparent. Metallic inclusions occasionally appeared in layered or striated patterns conforming to crystal growth planes (figure 7, right). Tiny inclusions that appeared as dark pinpoints often elicited weak magnetic responses detectable only with flotation using the strongest wands: a ½ in. neodymium wand or a pinpoint wand. In some instances, these inclusions were visible only with high-power magnification.
Results for magnetic testing of HPHT-grown synthetic diamonds are presented in table 2 according to manufacturing source. These results do not accurately portray the amount of metallic flux content in HPHTgrown synthetic diamonds currently being produced by any particular manufacturer, as the number of samples was not representative of an individual manufacturer's overall production, and approximately half of the samples were not from recent production runs. Table 2 shows that of the 85 HPHT-grown synthetic diamonds tested, 58% exhibited magnetic attraction to an N52-grade neodymium magnet. No difference in rate of detection was found between the HPHT synthetic diamonds supplied in 2012 by various manufacturers and the HPHT synthetics acquired in previous years by the GIA Museum. Direct contact with a magnet elicited either a pickup response or drag response in 45% of all samples. An additional 13% exhibited either a weak or strong magnetic response when the more sensitive flotation and pinpoint methods were applied. Alnico and ferrite magnets were adequate for detecting magnetic attraction in 38% of all samples, while another 20% required stronger neodymium magnets.
Of the samples that showed direct magnetic responses (pickup or drag), 76% could be detected with ferrite and alnico magnets, while the remaining 24% required neodymium magnets to produce a response. The three neodymium wands (½ in. N52, 1 ⁄ 16 in. N52, and 1 ⁄ 5 in. Hanneman wand) were equally effective in eliciting direct responses (without flotation) in synthetic diamonds.
Of the 11 samples that required the flotation method to reveal magnetic attraction, eight required pinpoint testing with a 1 ⁄16 in. diameter neodymium wand. The Hanneman wand, which is larger and weaker than the 1 ⁄ 16 in. N52 wand, detected magnetic responses in only two of these eight samples and was therefore significantly less effective for pinpoint testing. These comparisons of magnet strength prove that N52-grade neodymium magnets achieve the highest rate of magnetic detection when distinguishing natural and synthetic diamonds.
Yellow was the most prevalent color in the HPHT- grown samples. The distribution by color was: yellow and brown (51 samples), blue (15), pink and red (13), and colorless (6).
No black synthetic diamonds were tested in this study. The blue synthetic diamonds showed the highest rate of detection at 73%. Magnetic detection of yellow and brown synthetics was at 63%, while pink and red samples were at 23%. Of the colorless samples, 33% were attracted to a magnet. These results are consistent with earlier findings that linked the concentration of doping elements such as nitrogen (yellow color) and boron (blue) with the number of inclusions in an HPHT synthetic diamond, and consequently on a sample's magnetic susceptibility (Lysenko et al., 2008) . Coloring agents alone do not induce magnetic attraction in synthetic diamonds. Nitrogen and boron are both diamagnetic elements. Radiation, which may have been used to induce the pink and red colors in the HPHT synthetic samples in this study, does not affect magnetic susceptibility.
Nearly half of the HPHT-grown synthetic diamonds in this study were faceted, and the rest were rough or partially cut. Of the faceted samples, 44% were detectable with a handheld magnet, while the rough or partially cut goods had a higher detection rate of 70%. Though not conclusive, this finding suggests that flux inclusions may be more concentrated near the surface of rough gems, disproportionately reducing the magnetic inclusions during the cutting process.
In HPHT-grown synthetic diamonds, larger size correlated with higher rates of magnetic detection. Approximately half of the HPHT-grown samples in this study were melee-size (0.02-0.20 ct), and 45% of these were detectable with a magnet. Mid-size samples ranging from 0.21 to 0.50 ct (29% of the HPHTgrown test group) had a somewhat higher detection rate of 56%. Large samples ranging from 0.51 to 3.81 ct (24% of the HPHT-grown set) showed a detection rate of 85%. All samples larger than 1 ct were detectable with a magnet.
Test results indicated that lower clarity in HPHTgrown synthetics correlates with higher rates of magnetic detection. Of the HPHT synthetic samples with VS 1 or higher clarity grades, none showed detectable magnetism. Twelve of the HPHT-grown samples had been assigned clarity grades by the manufacturer, and eight of these were diamagnetic. Seven of these eight graded synthetics that showed no magnetic attraction were graded VS 1 (very slightly included) to IF (internally flawless), and one was graded SI 1 (slightly included). The four graded specimens that exhibited detectable magnetism had clarity grades of SI 1 to I 1 (included).
CONCLUSIONS
Inclusions of flux materials such as iron, nickel, and cobalt are commonly found in synthetic diamonds grown under conditions of high pressure and high temperature. Detection of these ferromagnetic particles using a handheld magnet separates HPHT-grown synthetics from natural diamonds, which are typically diamagnetic. In this study, an N52-grade neodymium magnet detected 58% of the HPHTgrown samples. The detection rate varied from 20% to 100%, depending on the manufacturer and the sample's clarity, color, and size, and whether it was cut or in rough form. Synthetic diamond samples grown by the CVD process are free of flux impurities, and consequently cannot be distinguished from natural diamonds by magnetic response.
To maximize the detection rate of HPHT-grown synthetics, magnetic testing must be standardized to the strongest permanent magnet available: the N52-grade neodymium magnet. Sensitive flotation and pin- point testing methods can also be used to detect a significantly higher percentage of synthetic diamonds than direct testing alone. Pinpoint testing with flotation is also useful for individually testing small diamonds and melee mounted in jewelry for synthetic origin. Natural diamonds often contain microscopic mineral inclusions with small magnetic susceptibilities that are ferromagnetic and paramagnetic. Faceted natural diamonds may also contain minute amounts of ferromagnetic impurities due to contamination during polishing and handling. Regardless, such particles in natural diamond are rarely detectable with a magnet.
Two rare cases of natural diamond with detectable magnetism were found in this study: one likely due to surface contamination during polishing, and the other due to natural magnetic mineral inclusions of anomalous size. Although the percentage of natural diamond samples that showed magnetic attraction was slightly above 1%, a general sampling of gem diamonds in the marketplace would be expected to yield a far smaller figure.
As growth methods are refined, many gem-quality HPHT-grown synthetic diamonds being manufactured do not contain flux particles in sufficient sizes or concentrations to be detected with a magnet. CVD-grown synthetic gems, which are non-magnetic and often colorless, have also assumed a more prominent role in the marketplace. A lack of magnetic attraction therefore does not rule out that a diamond may be synthetic. But any visible magnetic attraction indicates that it is almost certainly synthetic. A high-grade neodymium magnet remains an important supplemental tool for those who buy, sell, or work with diamonds, particularly yellow gems. As a low-cost instrument that is simple to use, the magnetic wand is effective in detecting a significant percentage of synthetic diamonds.
